A study of a small centrifugal blood pump has been made to address the effectiveness of traditional pump affinity laws and the influence that viscous effects, as characterized by the Reynolds number, have on the pump performance. This was investigated both experimentally and numerically on models of a small implantable centrifugal blood pump, which has an impeller diameter of 46 mm with a log spiral volute. In the experiments, the Head-Flow curves were determined for speeds between 500 and 3000 rpm and for two different viscosity fluids. It was found that lower Reynolds number flows did not adhere to conventional pump affinity laws, whereas higher Reynolds number flows scale very effectively according to pump affinity laws.
INTRODUCTION
In industrial sized machines, pump affinity laws are often used to predict the performance of one turbomachine based on scaling to another geometrically similar machine. Buckingham Pi analysis of pump flow equations leads to three dimensionless parameters necessary to guarantee the dynamic similarity of the flow through any two geometrically similar pumps. Three commonly chosen parameters are given as 
.
Π 1 is a type of Reynolds number. Π 2 is the specific speed, and Π 3 is the specific capacity, usually denoted Φ. A fourth term, which is not independent of Π 2 and Π 3 , is commonly used instead of Π 2 . This group is similar to the head coefficient, is given as
and is called the specific head, denoted Ψ.
These dimensionless parameters are the pump affinity laws that are often used to predict the performance of one turbomachine based on scaling to another geometrically similar machine. Only two of these, the specific capacity (Π 3 ) and specific head (Π 4 ), are generally used because viscous effects can be neglected in most turbo-machines since they are of small magnitude compared to inertial losses caused by a lack of proper streamlining [1] . In very small pumps operating at low flow rates, however, fluid momentum is small and the thickness of boundary layers is on the same order as the dimension of flow passages so that viscous losses have a significant contribution to pump inefficiency. The importance of viscous effects may be characterized by the Reynolds number, (Π 1 ), which compares the relative magnitude of momentum and viscous forces.
When investigating the internal flow field of miniature blood pumps, larger scaled models are often used in order to simplify instrumentation. Similarly, fluids with viscosities different from that of blood are usually used during laboratory experiments. In both cases, the application of the measured pump performance data and the internal velocity and pressure field can only be applied to the actual pump flow with some confidence of proper scaling of the flow.
Similar studies with larger pumps handling viscous fluids have shown that losses can be dependent on viscosity and on the impeller rotational speed, which are both related to the Reynolds number [2] . One similar study on a miniature pump geometry by Lorenz and Smith used geometrically scaled versions of a centrifugal blood pump with solutions of three different viscosities and found a deviation from traditional affinity laws which was accounted for with a Reynolds number correction with moderate success [3] . It has been suggested that a global Reynolds number is not sufficient to describe the viscous effects within the entire pump and that all parts of the pump must be dealt with separately [3, 4] . This results from the fact that clearances of various sizes exist within the pump so that regions of laminar, transitional, and turbulent flow may be present in different parts of the pump at any given operating condition. One study used seven different impellers and two exit volutes for a total of fourteen geometries and measured performance curves for each using two different working fluids as a way to vary the Reynolds number. These experiments concluded that performance for all pumps tested deteriorated below a critical Reynolds number based on tip speed, Re t , of approximately 10 4 , and that the performance at and below this range of Reynolds number had a strong dependence on the pump geometry [5] .
The work presented here investigates the importance of viscous effects on this typical miniature blood pump. This includes investigating the use of a global Reynolds number to account for these effects when scaling both pump performance and the internal flow field in the pump. Additionally, the current work shows the effect of scaling based on Reynolds number using both experimental and numerical methods. The flow loop used in the experiments is shown in Fig. 2 . The pressure rise across the pump was measured by placing static pressure taps just before the inlet to the pump and at the exit of the pump. A diaphragm transducer was used to measure the pressure rise across the pump. The transducer has an accuracy of +/0.25% of full scale including non-linearity and hysteresis.
NOMENCLATURE
With the flexible diaphragm used in these experiments, full scale was 35 kPa (3.5 m H 2 O), so the uncertainty of the measurement is +/-90 Pa (0.01 m H 2 O). The flow rate through the pump was measured using a nonperturbing, ultrasonic flowmeter. Because the transducer head clamps around the flow loop tubing, it does not create additional resistance or disturbances to the flow. The transducer has an accuracy of +/-1% when used with a calibration collected for the same working fluid and tubing, as was done in these experiments. An adjustable valve was used to create a controllable head loss between the pump exit and fluid reservoir. At high flow rates a booster pump was used to overcome the losses in the flow loop in order to achieve pump operating points at zero head. 
EXPERIMENTAL PROCEDURE
The experiments consisted of testing the centrifugal blood pump over a wide range of conditions shown in Table 1 . The speed was varied from 500 to 3000 rpm and the head from zero to shutoff. These operating conditions corresponded to Reynolds numbers (Π 1 ) based on flow rate ranging from 0 to 4000. Additionally, pump performance curves were measured with working fluids of two different viscosities as a means of varying the Reynolds number independently of specific head and specific capacity, which have no dependence on viscosity. The working fluids used were water and a water/glycerin (approximately 40% glycerin / 60% water) mixture, see Table  1 . In this way, 12 different cases have been defined where each case corresponds to the performance curve for a given rotational speed and working fluid. Human blood is shearthinning and visco-elastic at low shear stresses, but for shear rates greater than 100 1/sec, is approximately Newtonian with a viscosity of 0.005 N-sec/m 2 [6] . This is nearly the viscosity of the water/glycerin mixture.
As defined above (Π 1 ), the Reynolds number is a function of the flow rate, not rotational speed. However, in order to help interpret the measurements, the Reynolds number at the design specific capacity, Re D , is specified for each case . The design specific capacity, Φ D , is 0.03. For a given specific capacity, the flow rate is generally proportional to the rotational speed, as given by pump affinity laws. Because of this, Re D is linearly proportional to the rotational speed, so that this Reynolds number behaves identically to those based on rotational speed instead of flow rate. The rotational speed, working fluid and corresponding Re at design capacity, Re D , are given in Table 1 for each operating case. 
EXPERIMENTAL RESULTS
The measured pump performance data for all twelve cases is shown as a plot of head versus flow rate in Fig. 3 . These curves follow the pattern that is typical of a centrifugal pump. As is expected, the higher viscosity mixture has a head/flow curves that are slightly below the water curves at the corresponding rotational speed due to frictional effects. It can also be seen that at the operating point of 0.1 L/sec and 0.95 m is achieved by a pump speed of approximately 2100 rpm. Figure 4 shows the same data plotted as specific head vs. specific capacity. For pumps with negligible viscous losses all specific head vs. specific capacity performance curves collapse onto one line. However, Fig. 4 shows that this is not the case for this miniature pump. Although the curves for higher rotational speeds collapse onto one line, the pump performance is significantly lower at the lowest rotational speeds. These curves correspond to the lowest Reynolds numbers, given by cases 1-3 and 7-10. At the lowest speed, cases 1 and 7, the influence of the Reynolds number produced a greater than 10% difference in specific head over the entire range of capacity, and as high as 50% at higher specific capacities. The effect of Reynolds number is much less pronounced for the highest rotational speeds, with the curves for cases 4, 5, 6, 11 and 12 being nearly identical. The range of Reynolds numbers tested in these experiments corresponds to a range of Reynolds number based on impeller tip speed, Re t , between 10 3 and 5x10 4 , which is in the range in which Tanaka [5] also measured decreased pump performance.
Because the Reynolds number is small, laminar flow is expected in parts of the pump, particularly for the lowest flow rate and rpm cases. However, due to the small passage sizes of the pump, significant unsteady flow exists due to the known jet-wake behavior in impeller passages [7] . Thus, although laminar, the flow will exhibit turbulence characteristics. Such unsteady effects likely will not scale with Reynolds number.
By isolating either cases 1-6 or 7-12 at a particular specific capacity, it can be seen in Fig 4. that as the Reynolds number increases, the performance curves increase and converge towards the line defined for the highest Reynolds number cases. The difference between performance curves at higher rotational speeds is much less pronounced, indicating that the influence of Reynolds number decreases as the Reynolds number increases. This trend is further demonstrated in Fig. 5 by showing the specific head as a function of Reynolds number, at three constant design flow coefficients (0.02, 0.03, and 0.04) for two viscosities. For each working fluid and specific capacity, there is a clear increase in generated head and convergence towards a constant value at higher Reynolds numbers. Additionally, the discrepancy between the two working fluids is more clearly demonstrated.
Figures 4 and 5 show that the Reynolds number, as defined by Eq. (1), is not the sole cause of the spread in the pump curve data. This is demonstrated by two observations. The first is that there remains a spread in the data at a specific capacity of zero (from Fig. 4) , where the Reynolds number is equal to zero for all cases. Secondly, a comparison of curves obtained for the two different viscosity fluids shows that Reynolds number alone is not sufficient to describe the relative position of the performance curve. For example, in Fig. 4 , case 10 (Re D =375) has a higher performance curve than cases 1 (Re D =450) and 2 (Re D =900). Figure 5 demonstrates this same effect by clearly showing the discrepancy between the curves for the different working fluids. For example, at Re=500 and Φ=0.04, specific head, Ψ, equals 1.8 for the low viscosity fluid (µ=0.0011) and Ψ equals 2.5 for the high viscosity fluid (µ=0.0060). This is in contrast to the work by Lorenz [3] that showed a monotonic increase in pump performance as a function of Reynolds number, even for fluids of different viscosities. 
NUMERICAL PROCEDURE
In a parallel effort to investigate the effects of Reynolds number on pump scaling, a series of numerical simulations were performed with a computational fluid dynamics (CFD) model of the same pump. The model was run using a commercial code, Tascflow 3D [8]. The computational model consists of joined structured meshes with a total of 400,000 nodes. Selected planes within the mesh are shown in Fig. 6 . The program solves the full Navier Stokes momentum equations and uses a k-ε turbulence model with near wall functions. Because the purpose of this study was for trend analysis, the turbulence model was not adjusted for absolute accuracy in this particular flow. The interface between rotating and stationary grids is treated according to the "Frozen-Rotor" assumption, whereby the grids do not actually rotate, but the impeller flow is solved within a rotating reference frame to include forces resulting from the impeller rotation. The relative position of the rotating components, such as impeller blades, remains fixed relative to the housing [9] .
This work is not meant to address the absolute accuracy of the numerical model, but only to investigate the effects and trends of Reynolds number on pump scaling by comparing the numerical solutions at different operating conditions. Inaccuracies resulting from turbulence modeling, the frozen rotor assumption, grid resolution, etc. will not have a great effect on the trends. Baun and Flack showed that the frozen rotor model worked very well for predicting trends. Although they did not investigate in detail the effect of the frozen rotor model on quantitative results, trends indicated that the resulting effective viscosity was higher than in actuality, resulting in lower predicted heads than measured [10, 11] .
Figure 6. Computational Mesh
The volumetric flow rate, Q, and pressure at the pump outlet are prescribed as boundary conditions, as well as the pump rotational speed and fluid properties. The inlet pressure, and therefore pressure rise across the pump, are a result of the numerical solution. Additionally, the local fluid velocity at every node point results from the solution so that velocity fields may be compared with one another to see if the dynamic similarity (exact scaling of the velocity field) is achieved.
Five cases were run in this series of numerical experiments, summarized in Table 2. In this table, all ) of the nominal case and no correction to other parameters for correct scaling ( 1 Π ≠1), whereas Case III has double the density and the required 2 times absolute viscosity ( µ =2) to achieve similarity
Cases IV and V investigate the effectiveness of scaling to a pump with 2 times the diameter ( 2 = D ) of the nominal case. The flow rate prescribed for Case IV was 8 times the nominal flow rate ( Q =8), as is required for matching of dimensionless groups Π 2 and Π 3 , but no correction to the absolute viscosity ( 1 Π ≠1). For Case V, the flow rate is still 8 times the nominal, but the absolute viscosity is increased to 4 times nominal to insure similarity
Although For all cases, the same computational grid was used. The grid is geometrically scaled by a factor of two for cases IV and V to perform the computations for the larger pump ( 2 = D ).
NUMERICAL RESULTS
The nominal case (ρ=1,050 kg/m 3 , µ=0.0035 N-s/m 2 , Q=0.1 L/sec, D=46mm, n=2100 rpm) resulted in a head, H, of 0.68 m. This corresponds to a specific capacity, Φ, of 0.03 at a specific head, Ψ, of 2.57, and Reynolds number equal to 700. The calculated head is 25% lower than the measured specific head at the same specific flow rate and approximate rotational speed, which is the same trend indicated by Baun and Flack [10, 11] The calculated head, relative to these nominal values, for each case is included in Table 2 , in addition to the relative specific head, 4 Π , based on this value. The numerical results, like the experiments, show the same trend of decreased pump performance at lower Reynolds numbers. Cases, II and IV, both with higher than nominal Reynolds number, had a higher than nominal specific head across the pump, 1.12 for Case II and 1.28 for Case IV. Unlike the experiments, however, the effect of Reynolds number is still very significant at the higher Reynolds numbers tested and a sense of convergence to one performance curve is not obvious. However, this could be the result of the limited range of conditions Reynolds numbers tested and the calculated head may asymptote at a higher Reynolds number. The increase in specific head from case II (Re=1400) to case IV (Re=2800) is approximately 16%. This is slightly larger in magnitude than the increase seen in the experiments between these same Reynolds numbers for water, as shown in Fig. 5 , which is about 10%. Both these Reynolds numbers are well above the range of Reynolds numbers tested using the higher viscosity mixture, so a comparison is not possible.
Figure shows the calculated magnitude of velocity (speed) and local Head within selected regions of the pump for the nominal case, I. The effectiveness of pump scaling is investigated by comparing the velocity and pressure fields for this nominal case (I) to those calculated for the scaled cases (cases II-V). For cases IV and V, where the diameter is two times the nominal diameter ( 2 = D ), the pump coordinates and calculated velocities are divided by 2 and the calculated pressures divided by 4 so that a direct comparison to the nominal case can be made. The pump affinity laws dictate these factors in order to preserve pump affinity and dynamic similarity. Differences in the velocity field are most apparent by looking at color-coded contour plots of the difference between the normalized speed for a particular case and the speed for the nominal case. This is done by subtracting the nominal velocity field from the velocity field calculated for each case on a point by point basis over the entire grid, i.e. ∆V(i,j,k)=V(i,j,k)-V nominal (i,j,k). In this way, a perfectly similar flow field will result in a value of 0 for all regions within the pump. Figure 8 shows the resulting difference in local speed for cases II-V. The range of the color contours in this plot is exactly 10% of the range shown in Fig. 7 . Values in the red and blue, therefore, reflect a 10% difference in the local velocity as compared to the nominal case. Regions of both high and low velocity, relative to the nominal case, are apparent for both case II (due to a fluid density change) and for case IV (due to the diameter change). There is less than a 1% difference in speed everywhere within the pump for cases III and V.
As was true in the comparing the generated head, case II is similar to, but slightly different from the nominal case and case IV is very different from the nominal case while cases III and V are nearly identical to the nominal case. The numerically predicted pump performance and computed velocity fields are compared to one another to evaluate the effectiveness of pump scaling laws and the influence of Reynolds number. It is shown through numerical simulations that exact scaling and full dynamic similarity are achieved in this pump over the range of conditions tested for varying diameter, rotational speed, or fluid density so long as the fluid viscosity is adjusted so that the Reynolds number is matched. 
CONCLUSION
The influence of viscous losses on pump scaling in a miniature pump was investigated with laboratory and numerical experiments. For the experiments, performance curves were measured for six rotational speeds and two fluid viscosities and these measurements were compared to one another with consideration of specific head, specific capacity and Reynolds number. In the numerical experiments, the generated head and local velocity field of pumps scaled based on changes in fluid density and diameter were compared to a 'nominal case'. The effectiveness of matching Reynolds number to guarantee proper scaling of viscous effects was evaluated.
In the experiments, it was found that lower Re number flows do not strictly adhere to conventional pump affinity laws. Low Reynolds number flows have lower performance than pump affinity laws predict, and as the Reynolds number is increased, the performance of the pump converges to one performance curve that is representative of all high Reynolds number flows. For all high Reynolds numbers flows, the performance did scale very effectively according to pump affinity laws.
However, dependence on Reynolds number is not sufficient to guarantee proper scaling. Comparison of the flows with the same Reynolds number, but different viscosity working fluids yielded different performance curves. This demonstrates that while viscous effects are important, the Reynolds numbers based on either the flow rate or rotational speed do not solely and effectively characterize viscous effects. This may be the result of viscous losses that do not scale with either rotational speed or flow rate. This may also be because the definition of Reynolds number uses the molecular viscosity and does not account for effective turbulent viscosity. Additionally, although laminar in some regions of the pump at some operating conditions, the unsteady flow will exhibit turbulence characteristics. Such unsteady effects likely will not scale with Reynolds number. Clearly, more research is needed to quantify these findings.
At shutoff, the Reynolds number based on flow rate (Π 1 ) is zero for all impeller speeds, but the performance at the lower rotational speeds still was lower than that at the higher rotational speeds. In this regime, a Reynolds number based on rotational speed (such as Re D ) is more effective.
As is the case for the experiments, the numerical study indicates that Reynolds number is necessary to insure accurate scaling in this small pump. The lower Reynolds number flows generate less head than the flows scaled according to traditional pump affinity equations but with higher Reynolds number. Unlike the experiments, matching of the Reynolds numbers, in addition to pump affinity equations, is sufficient to ensure proper scaling within the pump. This was shown to be effective for scaling to different fluid densities and pump diameters. In both cases, the scaled pump has the same specific head and achieves dynamic similarity.
These results indicate that the effectiveness of traditional affinity laws should be further investigated when characterizing or predicting pump performance for such small pumps, particularly at the lowest rotational speeds. The addition of the Reynolds number (as a method to ensure proper scaling of viscous effects) was sufficient in the numerical experiments, but not sufficient in the experimental measurements.
